It has been shown previously, by sequence analysis of the S RNA segment of snowshoe hare (SSH) bunyavirus, that two overlapping open reading frames in the viral complementary sequence code for proteins with molecular weights of 26.8 x 103 and 10.5 x 103 respectively. In addition to the viral nucleocapsid (N) protein, which is coded by the S RNA, analyses of parental and reassortant bunyavirus-infected cell extracts have shown that the viral S RNA and M RNA species each code for nonstructural proteins (NSs and NS~, respectively). In the present report, in vitro translation analyses of the S mRNA species recovered from virus-infected cells indicate that a single size class of mRNA directs the synthesis of N and NSs. Compositional analyses of selected tryptic peptides of N and NSs have provided proof that N is the product of the first open reading frame, and NSs the product of the second.
INTRODUCTION
Members of the Bunyavirus genus (Bunyaviridae) have a genome consisting of three, singlestranded, negative sense, RNA species, designated L, M and S (Bishop & Shope, 1979) . Both genetic and molecular studies (Cash et al., 1979; Fuller & Bishop, 1982; Gentsch & Bishop, 1978) have shown that the S RNA (3.5 x 105 daltons) codes for the structural nucleoprotein, N, as well as an intracellular non-structural protein, NSs. The M RNA (2 x 106 daltons) codes for the two glycoproteins G1 and G2, as well as a second non-structural protein, NSM (Fuller & Bishop, 1982; . The viral L RNA (2-7 x 106 to 3-1 x 106 daltons) is believed to code for a large virion protein that may be a transcriptase component (Bishop & Shope, 1979) .
Although it has been shown that the NSs and N polypeptides have different primary sequences, as evident from tryptic peptide analyses (Fuller & Bishop, 1982) , it is possible that each is derived from a common precursor polyprotein via proteotypic cleavage. Alternatively the two proteins may be translated from common, or homologous, mRNA species, that are read in different frames. Sequence studies of the three viral RNA species of snowshoe hare (SSH) and La Crosse (LAC) bunyaviruses have identified two open, overlapping, reading frames in the S RNA (Akashi & Bishop, 1983; Bishop et al., 1982) . The studies reported here were undertaken in order to determine whether the two S RNA gene products (N and NSs) represent the translation products of these two open reading frames. In order to provide an answer to this question we first confirmed by in vitro translation analyses, using virus-induced LAC and SSH mRNA preparations, that both N and NSs are coded by the S RNA. By characterizing selected tryptic peptides of N and NSs we have obtained proof that the two proteins are the products of the alternative reading frames in the viral S RNA.
METHODS

Cells and viruses.
BHK-21 cells were grown to confluence in Eagle's medium containing 10~ newborn calf serum. Cells were infected with SSH, or LAC, virus at a multiplicity of 5 to 10 and incubated at 33 °C as described previously (Fuller & Bishop, 1982) .
Preparation ofRNA. Infected cell monolayers, 9 to 12 h post-infection, were washed three times in 0.05 M-Tris-HCI, 0.1 M-NaC1 and 1 mM-EDTA, pH 7.4 (TNE), and collected by centrifugation at 1000 g for 5 min at 4 °C. Approximately 1 × 107 cells were resuspended in 1 ml of TNE, then Triton N-101 (2~ final concentration in TNE) was added, and the mixture incubated for 2 min at 18 °C. Nuclei were removed from the lysate by centrifugation (1500g, 3 rain, 4 °C) and the RNA extracted from the supernatant fluids after addition ofSDS (2~ final concentration). Total cytoplasmic RNA was ethanol-precipitated, lyophilized, and resuspended in 10 to 50 ttl of water.
In vitro translation ofmRNA. Messenger RNA preparations obtained from mock, or virus, infected cells were translated using rabbit reticulocyte lysates (Collins et aL, 1982) . The translation products (5 ttl volumes) were immune-precipitated by incubating for 1 h at 37 °C with equal volumes of mouse LAC hyperimmune ascitic fluids (generously provided by Dr R. E. Shope, Yale University) and then reacting the products at 18 °C for 30 min with 0-1 ml of formalin-treated Staphylococcus aureus (Cowan strain) according to the procedures of Kessler (1975) . Pelleted immune complexes were washed three times, finally resuspended in 50 ttl of a solution containing 10~ SDS, 10~ glycerol, 2 mM-EDTA, and 1 M-dithiothreitol (Collins et al., 1982) and heated at 100 °C for 2 min. The ceils were removed by centrifugation and the polypeptides in the supernatant fluids analysed by polyacrylamide gel etectrophoresis.
Hybrid arrested translation. Virus and virus-induced mRNA species were resolved on 1% low melting point agarose containing 0.015 M-methylmercury hydroxide. The gel was stained with 0.5~ ethidium bromide to identify the RNA species. The regions of the gel containing RNA were excised and the RNA recovered by melting the agarose at 70 °C for 2 rain, followed by phenol extraction and ethanol precipitation. Samples of 10 ttl of S mRNA plus 30 ~tl of 0-02 M-HEPES buffer, 0.4 M-NaC1, 1 mM-EDTA, pH 7.2, containing 0.1% SDS were incubated with, or without, 5 ~tl of L, M or S genomic RNA (1 to 3 Ixg) for I h at 60 °C prior to addition of 0.05 mg calf tRNA, ethanol precipitation and lyophilization. The products were resuspended in 10 ~tl distilled water and used for in vitro translation.
Tryptic peptide analyses. Virus-induced proteins were recovered from infected cell extracts by polyacrylamide gel electrophoresis and electroelution (Fuller & Bishop, 1982) . The eluted polypeptides were digested with 1 mg/ml L-l-tosylamide-2-phenylethylchloromethyl ketone (TPCK)-trypsin and the tryptic peptides resolved by ionexchange chromatography and recovered as described previously (Fuller & Bishop, 1982; Gentsch & Bishop, 1978) . Tryptic peptides obtained from [3H]arginine-, [3H]serine-, or [3H]leucine-labelled NSs polypeptides were subjected to sequential Edman degradation to determine their sequence as described by Bhown et al. (1980) . Amino acid composition of N protein tryptic peptides. Unlabelled, or [35S]methionine-or [3H]glycine-labelled SSH virion proteins were separated on phosphate-urea 15 % polyacrylamide gels, the N protein identified by staining with 0-1% Coomassie Brilliant Blue in 40~ methanol and 10~ acetic acid, electroeluted, dissolved in 7 Mguanidinium-HC1, carboxymethylated with iodoacetic acid and dialysed overnight against 10 raM-ammonium bicarbonate (Laver, 1969) . The protein was digested with a 2 % molar equivalent of 0-1 mM-CaClz-treated TPCKtrypsin, lyophilized and the digest spotted onto Whatman 3MM filter paper (46 x 57 cm). The sample was first subjected to high voltage electrophoresis in pH 6.5 buffer (20 vol. pyridine :0.4 vol. acetic acid : 120 vol. water) at 2000 V for 55 min, the paper was dried and the digest resolved by ascending chromatography (35 vol. isoamyl alcohol : 35 vol. pyridine :30 vol. water) for 18 to 20 h as described by Laver (1969) . The individual peptides were visualized by staining with 0.1 mg/ml fluorescamine (Fluoram; Roche Diagnostics, Nutley, N.J., U.S.A.), cut out and eluted into glass vials with 1 ml of 6 M-HCI. The vials were evacuated, sealed, and incubated at 115 °C for 22 h. Amino acids were identified and their molar proportions determined using a Beckman amino acid analyser. Each analysis was performed in duplicate using 100 to 300 pmol quantities of the eluted peptides. The compositions of the individual tryptic peptides were obtained by computing the molar ratios of the individual amino acids that were identified [using the arginine (R) and lysine (K) values as a basis]. The results were correlated to the predicted sequences (Bishop et al., 1982) . Since aspartic (D) and asparagine (N), or glutamic (E) and glutamine (Q) residues could not be distinguished by the compositional analyses, their identities were assumed from the total molar recoveries of D, or E, and the predicted sequences (Bishop et al., 1982) . Neither methionine (M), nor tryptophan (W), residues were detected in the hydrolysates, presumably due to losses incurred during the acid treatment. Also contaminants present in the 3MM paper resulted in the identification of 50 to 150 pmol levels of glycine (G) in all peptides. Therefore, to resolve ambiguities involving M and G residues, the corresponding labelled N proteins were digested and the products subjected to chromatography under similar conditions. The resolved peptides were located by their fluorescence after treatment with fluorescamine, each peptide was then cut out from the chromatogram and the presence and relative amount of label determined by counting in a liquid scintillation counter.
RESULTS
In vitro translation of SSH and LAC virus-induced mRNA
It has been shown that in vitro translation of SSH S mRNA species yields N protein (Cash et al., 1979) . In those earlier studies an NSs translation product was not detected, presumably because of its small size (see below) and the fact that small translation products were eluted from the gels with the marker dye. In order to investigate whether NSs is also translated from viral m R N A preparations, LAC and SSH m R N A species were translated in vitro and the products resolved by electrophoresis on a 15 % polyacrylamide gel. Total infected cell cytoplasmic R N A was employed for these (and later) studies in view of the observation that poly(A)-selected and unselected m R N A species are translated equally well in vitro (Cash et al., 1979) . The results of the LAC and SSH m R N A translation studies are displayed in Fig. 1 . By comparison with the major SSH virion polypeptides (Fig. 1 a) , or the translation products of mock-infected cell R N A (Fig. 1 c) , or no R N A (Fig. 1 d) , it was observed that both SSH and LAC m R N A species directed the synthesis of N and NSs proteins ( Fig. 1 b andfrespectively) . The abundance of the L A C NSs protein obtained in vitro is in contrast to the amounts that can be identified in LAC virusinfected cell extracts (Fig. 1 e; see later) . Reaction of the translation products of the SSH or LAC m R N A species with LAC antisera resulted in precipitation of only the N proteins, suggesting that NSs antibodies were not prevalent in the hyperimmune sera (data not shown).
Analyses of the infected cell proteins induced by SSH and L A C parental and their reassortant viruses have demonstrated that the S R N A codes for N and NSs proteins and that the M R N A codes for another non-structural protein, NSM (Fuller & Bishop, 1982) . In the L A C virusinfected cell extracts, or those infected with reassortants having a L A C S R N A species, the NSs polypeptide migrated slightly faster than the NSs induced by SSH virus; also, only small amounts were present (Fuller & Bishop, 1982) . By contrast, the SSH NSs protein was present in infected cell extracts in greater quantities. The reason for this difference in abundance is not known. (Cash et al., 1979) . In (b) (lanes 1 to 5) are shown the translation products of unlabelled SSH S mRNA resolved similarly but identified and excised after staining with ethidium bromide. The S mRNA was translated after annealing to no RNA (2), or after annealing with 1 to 3 lig of gel-purified L (3), M (4), or S (5) viral RNA. Lane 1 is a no-RNA control.
Hybrid arrested in vitro translation
Analyses of a cloned D N A copy of SSH S R N A (Bishop et al., 1982) have shown that one open reading frame in the viral complementary (plus sense) sequence predicts a 26-8 x 103 mol. wt. product (N, see later) ; a second open reading frame, read from an overlapping sequence, predicts a 10.5 x 103 mol. wt. product (NSs ; see later). Since it is possible that there are corresponding distinct m R N A species for each S R N A gene product, SSH virus-infected cell nucleic acids were resolved by electrophoresis on methylmercury hydroxide agarose gels (Fig. 2a) , and the S m R N A band separated from the viral L, M, and S R N A species (Cash et al., 1979) . The S m R N A band was recovered and used for in vitro translation. In Fig. 2 (b) are shown the products of translation using either no viral m R N A (lane 1), or the excised SSH S m R N A band (lane 2). It was observed that both N and NSs proteins were translated from the S m R N A species. After hybridization of the S m R N A with virion S R N A it was found that the translation of N and NSs was inhibited (Fig. 2, lane 5 After clarification, the products were resolved at 56 °C by chromatography on a 25 × 1 cm column of PA-35, a cross-linked, sulphonated, styrene copolymer resin, with a pyridine acetate gradient (Gentsch & Bishop, 1978) .
estimates indicated that NSs migrated as a 7-4 x 103 mol. wt. polypeptide (Fuller & Bishop, 1982) . However in view of its primary amino acid composition and long hydrophobic amino terminus (Bishop et al., 1982) it is probable that in gels NSs migrates anomalously in comparison with marker small polypeptides. The predicted mol. wt. (Bishop et al., 1982 ; 10-5 x 103) of NS s is probably correct in view of peptide analyses and amino acid incorporation data described below.
Resolution of SSH virus-induced mRNA species by gradient centrifugation
The question of whether there is more than one mRNA size class that codes for the N and NSs proteins was also investigated by analysing the translation capabilities of virus-induced mRNA species resolved by sucrose gradient centrifugation. The translation products of RNA recovered from various fractions of the gradient indicated that the same size class of mRNA species was translated to give N and NSs (data not shown). Such results did not, however, exclude the possibility that there are two S mRNA species that differ in size by only a few nucleotides.
Analyses of the N and NS s proteins synthesized in vitro
It has been shown that N and NSs have different soluble tryptic peptides (Fuller & Bishop, 1982) . In order to confirm that the N and NSs proteins synthesized in vitro are related to the intracellular N and NSs species they were analysed by tryptic peptide analysis. Shown in relative to K or R residues (or to each other for the peptide LP) and by comparison to the predicted product of the SSH S first reading frame (Bishop et al., 1982 ; Table 1 ). The identities of D and N (or E and Q) were assumed from the molar recoveries of D, or E respectively. Likewise the tryptic peptide patterns of the N proteins synthesized in vivo and in vitro are essentially similar. Some differences in the abundance of the N peptides were noted, as well as divergence from the expected equimolar amounts. Although in part this may be due to the presence of coincident peptides with similar elution properties, another explanation could be an incomplete digestion due to the intrinsic secondary structure of the N polypeptide. Fig. 4 is a diagrammatic sketch of the tryptic peptides of SSH N protein separated in two dimensions. The amino acid compositions of the resolved tryptic peptides were determined and the results compared to the predicted peptides of the product of the first S RNA reading frame (Bishop et al., 1982;  Table 1 ). In addition to the analyses of the unlabelled N protein, similar analyses were undertaken with preparations of labelled N protein to resolve ambiguities inherent in the compositional analyses (see Methods). Only those peptides for which the compositional analyses gave unambiguous assignments and essentially equimolar recoveries of the component amino acids (within 20~) were scored as present (Table 1) . Of the 33 predicted peptides, eight were identified, including a dipeptide (LP) which lacked R or K residues. This dipeptide is the predicted carboxy terminal peptide of N protein (Bishop et al., 1982) . Analyses of the 13 other peptide spots recovered from the chromatogram indicated that they were either large complex peptides containing more than 10 amino acids, or mixtures of peptides. No * The amino acid compositions of tryptic peptides (100 to 300 pmol) recovered from labelled, or unlabelled, SSH viral N protein were determined as described in Methods. Tryptic peptides were scored as present if the identity and molar recoveries (+ 20 ~) of the component amino acids corresponded to the predicted sequences (Bishop et al., 1982) . l" Trypsin did not hydrolyse the KP peptide bond and therefore both K and R residues were obtained in this peptide.
Assignment of N to the first S RNA reading frame
attempt was made to resolve the tryptic peptides further, since it was evident from these results that the N protein corresponded to the S RNA gene product read from the first open reading frame.
Assignment of NSs to the second S RNA reading frame
Since NSs can only be obtained in small amounts from infected cell extracts, preliminary compositional analyses of its tryptic peptides were undertaken using preparations of labelled polypeptides. From radioactive amino acid precursor incorporation studies, it was found that, as predicted from the sequence data for the second open reading frame and in contrast to N protein, neither lysine (K), nor tyrosine (Y), was incorporated into NSs. When [3H]argininelabelled NSs was recovered, digested with trypsin and the products resolved by ion-exchange column chromatography, four soluble peptides were eluted (Fig. 3) . The sequence of the S RNA of SSH virus predicts eight tryptic peptides (Bishop et al., 1982;  Table 2 ) if the R-PR bond is cleaved by trypsin, or seven if, as expected, that bond is not digested. Other than the carboxy terminal peptide, all of these peptides should contain arginine residues. Examination of the predicted sequence of the gene product of the second S RNA reading frame (see Table 2 ) showed § These peptides were scored as probable on the basis of the incorporation of precursors, or the elution properties of a marker, synthetic dipeptide.
that two of the tryptic peptides were large (27 and 41 amino acids) and contained stretches of hydrophobic amino acids. It is unlikely that such sequences would elute from the ion-exchange column under the conditions employed.
Further compositional studies of the four soluble tryptic peptides revealed that serine labelled two of the peptides (no. 1 and 2 in Fig. 3 ), leucine one (no. 2 in Fig. 3 ; Fuller & Bishop, 1982) , and valine one (no. l) (data not shown). Insufficient glycine, or tryptophan, radioactivity was incorporated into NSs to perform similar analyses. However, when the synthetic dipeptide GR was applied to the ion-exchange column it eluted between fractions 170 and 180. Thus it is probable that either peptide no. 3 or no. 4 (Fig. 3) is GR.
In order to determine the sequence of a particular NSs tryptic peptide individual preparations of peptide no. 2, labelled with either [3H]leucine, [3H]serine, or [3H]arginine, were recovered and subjected to sequential Edman degradation using an automated peptide sequencer. The arginine label was totally recovered in the fourth cycle of degradation, the serine in the third and the leucine label equally in the first and second cycles. Thus it was concluded that peptide no. 2 had the sequence L-L-S-R. This sequence is present only in the hypothetical gene product of the S RNA second reading frame. No similar analyses were performed for peptides no. 1, 3 or 4, although from the incorporation of radioactive precursors (peptide no. 1) and the chromatographic behaviour of the synthetic dipeptide GR, their identities were scored as probable ( Table  2 ). The identity of the fourth peptide (WR?) is not known.
Although the largest predicted peptide was not recovered from the ion-exchange column, when [35S]methionine-labelled NSs was digested with trypsin and resolved by electrophoresis in a 15~ polyacrylamide gel, a single large labelled peptide was identified which migrated faster than NSs but behind the dye front. It was estimated to have a molecular weight of around 4 x 103. These results are compatible with the expected behaviour of the predicted methioninecontaining amino terminal tryptic peptide (Bishop et al., 1982;  Table 2 ). Finally, in agreement with the presence of cysteine and phenylalanine in the carboxy terminal peptide, we have observed that both [35S]cysteine and [3H]phenylalanine are incorporated into NSs ; however, as in the case of the methionine:labelled tryptic peptide, none of these labelled peptides was eluted from the ion-exchange resin when subjected to chromatography (data not shown).
We interpret the data obtained from the precursor incorporation results, as well as the peptide sequence data, to indicate that NSs is probably the product of the S RNA second open reading frame. By this interpretation, N and NSs are not produced in the form of a precursor polyprotein that is cleaved to the final protein products.
DISCUSSION
Results have been obtained which show that for both SSH and LAC bunyaviruses the S RNA segment codes for both the structural protein N and the non-structural protein NS s. Both proteins are synthesized in large amounts in vitro using S mRNA preparations and rabbit reticulocyte lysates. By contrast, the NSs protein of LAC is not found in virus-infected cells in the same relative abundance as the NSs protein of SSH virus. The reason for this difference is not known, but may be due to differences in their amino acid sequences (Akashi & Bishop, 1983; Bishop et al., 1982) and relative susceptibilities to intracellular proteases.
Attempts to obtain S RNA coding assignments by sequential Edman degradation of purified N, or labelled NSs, and correlation of the results to the predicted sequences (Bishop et al., 1982) failed to yield sequence information, suggesting that the amino terminal amino acids of both proteins are protected (unpublished results). To obtain RNA-protein coding assignments, we resorted to tryptic peptide analyses. Analyses of N protein tryptic peptides which were resolved first by paper electrophoresis and then by chromatography gave compositions that agree only with the predicted product of the first open reading frame (Table 1) . Likewise analyses of one of the NSs tryptic peptide gave a sequence (L-L-S-R) which is only present in the predicted product of the second open reading frame. Thus N is the product of the first open reading frame in the SSH S RNA viral complementary sequence and NSs the product of the second.
The in vitro translation studies using either gel-purified mRNA preparations or RNA resolved by sucrose gradient centrifugation indicate that either the same mRNA species codes for the two proteins or, if there are distinct mRNA species for each product, that the mRNA species differ by too few nucleotides to be resolved by standard procedures. Sequence analyses of cloned DNA copies of the SSH (Bishop et al., 1982 ), or LAC (Akashi & Bishop, 1983 , viral S RNA species indicate that the first possible translation initiation sites of the two open reading frames are separated by only 18 nucleotides. So far no sequence data are available for the S mRNA species of the two viruses. Nor is it known whether initiation of transcription of every S mRNA species begins at the 3" end of the viral RNA, or at internal sites. Although analyses involving mRNA protection of viral RNA sequences suggest that transcription begins at the end of the RNA (Cash et al., 1979) , if there is a separate mRNA initiation site for an mRNA coding for N Ss then presumably it is located between the two initiation codons. Alternatively mRNA splicing may be involved in the generation of distinct S mRNA species for the two proteins. If there are not two S mRNA species, then N and NSs must be translated simultaneously in two overlapping reading frames from a single mRNA. Each of these possibilities remains to be investigated. This study was supported by NIH grant AI 15400. F.F. was supported by training grant T32 AT 07150. Kr~SSr.~R, S. w. (1975 (Received 10 March 1983) 
